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Heat pipe is a passive heat transport device, engineered to harness latent heat of 
vaporization of contained working fluid to efficiently transfer sensible energy of one fluid stream 
to another. Heat pipes have observed applications in HVAC, electronics cooling, space 
equipment cooling, etc. due to their high effective thermal conductivity. Heat pipe heat 
exchanger (HPHE) employs finned heat pipes for performance enhancement. A mathematical 
model was developed into a Mathcad based tool for properly sizing and optimizing gravity-
assisted HPHE designs. A charging station was setup to fabricate heat pipes under deep vacuum 
using a liquid nitrogen cold trap. A wind test tunnel was constructed to conduct experiments on a 
HPHE prototype. The thermal performance testing resulted in 11.4 kW of heat duty with 54% 
effectiveness of the HPHE. Parametric studies were also conducted for varying input heat and air 
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Heat pipes are passive heat transfer devices, capable of transferring large amount of heat 
across its ends, when a temperature difference is present. Heat transfer mechanism in heat pipes 
is carried out through boiling and condensation, resulting in effective thermal conductivity 
values 200 to 500 times higher than that of solid copper of similar physical dimension [1]. 
1.1 Components and Working Principle  
1.1.1 Components  
There are three basic components of a heat pipe: container, working fluid, and wick 
structure. Construction of a heat pipe can be simply described as a container made of high 
thermal conductive material, sealed with a predetermined amount working fluid charge under 
deep vacuum conditions. Charging of heat pipe is achieved by backfilling an evacuated heat pipe 
container, discussed in Chapter 4 in greater detail. Wick structures assists heat pipes to operate 
against gravity or at horizontal orientation.  In contrast, thermosyphons are a subset of heat pipes 
that lacks wick structures. Thermosyphons can only function under gravity, therefore referred to 
as gravity assisted heat pipes. Despite a slightly different construction, the working principle of 
both kinds of heat pipes is very similar, discussed in Section 1.1.2 in greater detail. In Figure 1, 
general construction and components of heat pipe and thermosyphon are shown. Flexibility in 
designing makes these devices popular for space constrained applications such as in compact 
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electronic cooling, where flat heat pipes are a common choice. In Figure 1.2, bent heat pipes and 
flat heat pipes are shown that are installed on a laptop computer.  
 
Figure 1.1 Construction and components: (a) Heat pipe; (b) Thermosyphon 
 
Figure 1.2 (a) Heat pipe cooling in laptop computer [2]; (b) Flat heat pipe [3] 
 
Working fluid is the substance that undergoes cyclic phase change, from liquid to vapor 
to liquid, repeatedly inside a heat pipe. The choice of working fluid is strictly governed by the 
 
3 
design and operating range intended for the operation of the heat pipe. Figure 1.3 shows a 
working fluid merit plot which is commonly used by designers while selecting heat pipes. Merit 
is a dimension less number, estimated by multiplying surface tension, latent heat of vaporization 
of the working fluid, density of the working fluid, and dynamic viscosity of the fluid. 
 
Figure 1.3 Merit of working fluid at varying operating temperature [4] 
 
The most common working fluid choice in the HVAC and industrial applications is de-
ionized water for a variety of reasons. The latent heat of vaporization of water is very high due to 
which it becomes an ideal choice for working fluid for mid-level temperature operation. As 
Figure 1.3 shows the dome shape curve of merit of water, the highest figure of merit for water as 
a working fluid is 300K to 600K. Ammonia and methanol as working fluids are applicable for 
low-temperature operation regime, whereas sodium is applicable for high-temperature 
operations.  
Wick structures are very common in heat pipes as they increase the operational 
capabilities. However, they are recommended but not required for gravity assisted heat pipes. 
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Their main function of wick is to invoke capillary pressure that helps in maintaining a proper 
evaporation and condensation cycle for the operation of a heat pipe, elaborated in the following 
Section 1.4 under working principle of heat pipes. Figure 1.4 shows wick designs that are 
commonly used inside heat pipes. 
 
Figure 1.4 Common wick designs in heat pipes [5] 
 
1.1.2 Working Principle  
Length of a heat pipe is classified into three primary sections: evaporator, adiabatic, and 
condenser. The sections are named as per their function during a heat pipe operation. Evaporator 
is exposed to the heat source and the condenser section is exposed to the heat sink. The adiabatic 
section is not intended for any effective heat transfer, and is usually insulated to mitigate radial 
heat transfer in the system. The evaporator section contains the working fluid in liquid state 
when the heat pipe is not working. Heat source introduces thermal flux via various modes of heat 
transfer to the evaporator section. When the evaporator section is in physical contact with the 
heat pipe, such as in an electronic application via thermal paste, conduction is the primary mode 
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of heat transfer. When the evaporator section is designed for an air stream application in the form 
of a heat exchanger, heat transfer mode is convective. In any case, the evaporator is designed to 
receive heat from the source, transport it across container wall and wick structure to the working 
fluid via conduction. Working fluid in the evaporator section reaches its boiling point, causing a 
rise in vapor pressure above the evaporator region. The differential pressure causes high flow 
rate of the vapor into the condenser section. Vapor inside the cooler condenser section condenses 
while dissipating its latent energy to heat sink through the container wall and wick structure. In a 
thermosyphon, the condensate is returned to the underlying evaporator section for cycling 
without the wick, with the help of gravity as shown in Figure 1.5.  
 
Figure 1.5 Working principle of a thermosyphon or a gravity assisted heat pipe [6] 
 
In a heat pipe, the condensate is returned to the evaporator section via the capillary 
pressure exerted by wick as shown in Figure 1.6. At various tilt angles, performance capability of 
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the heat pipe varies. Extensive research has been conducted to determine the correlations 
between the tilt angle and performance, but is not discussed in detail under this document as the 
research focus limitation to gravity assisted heat pipes or thermosyphons.  For cyclic operation of 
the heat pipe, continuous condensation and evaporation must be an optimized operation. 
Therefore, designing the heat pipe for any application is a critical process. It must be ensured that 
none of the heat pipe operational limit will hinder the cyclic phase change process. Different 
types of heat pipe operational limits are discussed in Section 1.3 in greater detail.  
 
Figure 1.6 Working principle of a heat pipe [6] 
 
Another important parameter in the heat pipe operation is the regime of boiling. Nucleate 
boiling region is determined as the most appropriate for continuous operation of heat pipe. While 
designing a heat pipe, heat flux across the evaporator length must be taken under account to 
estimate the region of operation. The container temperature during operation must exceed the 
saturation temperature of the working fluid by an optimum temperature difference. This is 
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necessary for the working fluid inside the container to start evaporating. If the temperature 
difference grows, the boiling process would enter transient boiling stage which may cause heat 
pipe to underperform or fail due to the very common, boiling limit. A water boiling curve at 1 
atm is presented in the Figure 1.7. Here, the vertical axis represents heat flux (q”) in Watts/m
2
 
that the container is being subjected to.  The horizontal axis represents the difference between 
temperature of the container and the temperature of the fluid. The nucleate boiling portion or 
region II in the plot represents the optimum operating range for a heat pipe fluid at 1 atm. Since 
heat pipes are charged under vacuum conditions, the boiling curve shifts to the left, causing the 
nucleate boiling to occur at smaller temperature differences. 
 




In this research, gravity assisted heat pipes are focused upon for their simpler 
construction and cost effectiveness. This project aims to study the performance of a gravity 
assisted heat pipe heat exchanger system for a thermal design point, discussed in Chapter 4.  
1.2 Heat Pipe Limitations 
Heat pipes are engineered to operate under a specific set of design parameters to 
circumvent the known limitations. The heat transfer limitation can be any of the limitations 
depending on the size and shape of the pipe, working fluid, wick structure, and operating 
temperature [6]. Limitations may occur during operation of a heat pipe for a variety of reasons 
related to deviations in the aforementioned items. Figure 1.8 shows common heat pipe 
limitations for any working fluid. 
 




For instance, the quantity of working fluid in the evaporator section is very low due to 
high evaporation rate, causing a dry evaporator region. Another common industrial practice that 
may cause start-up failure is the oversized heat pipe system, which is a common mistake that 
designers make as an attempt to make the heat pipe designs conservative. The effective heat 
transfer capacity drops as the heat pipes increase in length. Such scenarios may lessen the overall 
system performance. Concepts and techniques have been developed to accurately predict the heat 
transfer and thermal performance, but they do not necessarily capture the significance of all the 
operating limitations. Common operational limitations are discussed in the following sections 
along with the independent methods used for their prediction. Design intent must be carefully 
considered before selecting any heat pipe based systems. Therefore, all the operational limits 
must be carefully studied and avoided for continuous operation [9]. 
1.2.1 Boiling Limit 
Boiling limit is caused when the heat flux in the evaporator section causes the nucleate 
boiling of the working fluid in the wick. The bubbles formed in the wick prohibit the working 
fluid to wet the walls even when the working fluid is present in the liquid form [6]. High heat 
flux continues to heat the container which can disturb the thermal balance of the system if 
adjustments are not made to revert to proper operation.  
To avoid the boiling limit, the critical heat flux must be determined for a certain design 
criterion. Critical heat flux calculation helps in approximating the amount of flux required in 
order to have an appropriate nucleate pool boil in the system. The most widely recognized 
correlation for nucleate boiling was developed by Rohsenow [10]. A heat pipe design point can 
be selected for up to 50% of the calculated critical heat flux value. Through dimensional and 
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hydrodynamic stability analysis, Rohsenow [10] obtained expression to estimate critical heat 
flux, shown as in Equation 1.2.  












where, subscripts fg, l, and v denote the mixed, saturated liquid and vapor state of the fluid, 
respectively. Term 𝑞𝑠" is the critical heat flux, μ is the fluid viscosity, h is the enthalpy of 
vaporization, g is acceleration due to gravity, ρ is density, cp,l is specific heat capacity at liquid 
state, ΔTe is the difference in the vapor saturation temperature (Tsat) and the container’s 
temperature, and σ is the surface tension. The Coefficient such as Cs,f  and exponent n depend on 
the material and fluid combination, i.e. 0.0068 and 1, respectively for copper-water system[7]. 
Liquid properties except the density must be evaluated at Tsat for specific application [11].  For 
systems having different working fluids, the maximum heat flux value can be estimated using the 
Table property values and constants with the Equation 1.2. 
1.2.2 Capillary Limit  
Capillary limit is observed in heat pipes when they are operating without gravity 
assistance. The pumping action due to capillarity of wick structure depends on the supplied heat 
transfer rate. Capillary pressure exerted by the designed wick must overcome the opposite forces 
that condensate is subjected to. When the condensate does not return back to the evaporator at an 
optimum rate due to the lack of capillary, evaporator wick dries out. Designed heat flux in the 
evaporator section, inclination angle of operation, surface tension of the working fluid can be 
used estimate the maximum capillary pressure. Pressure (Pc) developed within heat pipe wick 
can be calculated with the Equation 1.1. 
 𝑃𝑐 =  (
2 𝜎
𝑅𝑒𝑓𝑓
) cos 𝜃 (1.2) 
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where, θ is the contact angle between the working fluid and wick, Reff is the effective pores 
radius of the wick and σ is the surface tension [12].  
1.2.3 Vapor Pressure or Viscous Limit 
Vapor pressure limit is encountered when a heat pipe operates at temperatures below its 
normal operating range [6]. If the viscous forces in the working fluid are higher than the vapor 
pressure in the region above evaporator, vaporization of the working fluid does not take place. 
As a result, heat pipe does not start cycling. This is a start-up limitation can be avoided by 
suppling higher heat flux to the evaporator section. 
1.2.4 Entrainment Limit 
Entrainment limit refers to the scenario where high vapor velocity inside the container 
starts shearing the condensed liquid droplets from the wick or container wall, keeping it from 
locating back to the evaporator section. The main cause of this issue is higher heat flux than what 
the heat pipes are designed for. The evaporator dries out of the working fluid leading to 
operational failure. The entrainment limit is more profound in thermosyphons than in capillary-
driven heat pipes due to the free liquid surface [6]. In thermosyphons, flooding limit is the 
counterpart of entrainment limit in wick heat pipes. The heat duty and operational points must be 
compared and conservatively kept below the measured maximum heat flux value. Equation 1.3 
through 1.5 can be used to calculate the required limiting heat rate. 












2 ] (1.3) 
where, Kflood is called the flooding constant which can be obtained with the following Equation,  
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where Bno is the bond number which weighs in the effect of surface forces and body forces. The 
bond number can be estimated with the following expression.  







1.2.5 Sonic Limit 
Sonic Limit can be described as the supplied heat transfer rate for evaporator, at which 
vapor flow towards the end of the evaporator section becomes choked. Vapor velocities while 
exiting the evaporator section are the highest in a heat pipe, which corresponds to a converging-
diverging nozzle throat, where velocities cannot surpass the local speed of sound. This limit is 
not as detrimental as other limits such as boiling and entrainment. Sonic limit is observed during 
the start-up of the heat pipe or thermosyphon and eventually alleviates as the evaporator 
temperature increases [6]. To estimate the sonic limit, most commonly used Equation to 
calculate the critical heat transfer rate is shown in Equation 1.6. 
 𝑞𝑠𝑜𝑛𝑖𝑐 =  ṁ𝑠𝑜𝑛𝑖𝑐 𝜆𝑓𝑔 (1.6) 
where, mass flowrate from in the evaporator section is represented as ṁsonic. Equation 1.7 can be 
used to estimate the mass flow rate term in Equation 1.6. 
 ṁ𝑠𝑜𝑛𝑖𝑐 =
 𝜌𝑣 𝑣𝑎 𝐴𝑐𝑠 
√2 (1+𝛾)
 (1.7) 
where, 𝛾 is the ratio of specific heats at constant pressure, va is the vapor velocity, and 𝐴𝑐𝑠 is the 
internal cross sectional area of the heat pipe. 
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1.3 Heat Pipe Heat Exchangers 
Heat pipe heat exchanger employs individual heat pipe tubes, staggered or arranged in 
order to leverage the convective heat transfer coefficient of the air streams in evaporator and 
condenser sections. The overall surface area available for heat transfer is enhanced with fins, 
made with materials having high thermal conductivity such as aluminum, copper, etc. Similar to 
traditional heat exchangers, the convective heat transfer coefficient can be altered by changing 
the shape of the fins to create turbulence in the fluid stream. Since there is a trade-off between 
increasing the turbulence and the air pressure drop across the heat pipe heat exchanger, the 
blower or mover must be sized accordingly to achieve the desired thermal duty. A mathematical 
model to design and size a heat pipe heat exchanger is discussed in Chapter 3. Some advantages 
of thermosyphon based heat exchangers are its good flow separation, passivity, high reliability, 
low initial investment and operating costs, the ability to work at lower temperature differences 
and a contingency plan. If a pipe or numbers of pipes fail, the heat exchanger would remain 
operational. In recent years, the use of wickless heat pipes in heat exchangers has been on the 
rise, particularly in gas to gas heat recovery applications due to their reliability and the level of 
contingency they offer compared to conventional heat exchangers. 
For constructing air-to-air heat pipe heat exchanger, two major designs can be used: 
extruded finned tube style and tubes expanded into fin stock. The later provides more surface 
area for convective heat transfer and is more difficult to manufacture. Whereas, the extruded 
finned tube style tubes can be stored easily, charged or prepared individually, making them much 
easier to fabricate. Figure 1.9 shows the staggered bundle of the extruded finned tubes and 
expanded finned tube style. For this project, fin stock with inserted tube design was used. 
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Expansion joints seals the tube’s outer wall with fins for effective conductive heat transfer, 
discussed in greater detail in Section 4.2. 
 
 





This Chapter reviews the relevant research on topics such as applications, design and 
development of heat pipes and the derived systems such as heat exchangers. Literature related to 
mathematical modeling is progressively discussed in Chapter 3.  
2.1 Applications 
Heat pipe based systems have been researched and studied by a number of researchers 
and engineers from a variety of fields such as space industry, HVAC, electronics, etc. Bandar [8] 
stated that heat pipes have been successfully used for waste heat energy recovery in a vast range 
of engineering applications, such HVAC systems [14], ground source heat pumps [15], water 
heating systems [16] and electronics thermal management [17]. This is mainly because of their 
simple structure, special flexibility, high efficiency, good compactness, and excellent 
reversibility [18-21].  The inclination of market trends in sectors such as renewable energy, free 
cooling in data centers, demanding air-health monitoring standards in hospitals, etc. will also 
favor the growth of heat pipe technology in the future.  
In the aeronautics and space applications, heat pipes are used as thermal control devices 
for satellites and space vehicles. Some other sectors are finding interest on applying heat pipes to 




Mission critical facilities such as data centers are power intensive buildings with more 
than one-third of electrical power required for their thermal management. U.S. data centers 
consumed about 70 billion kilowatt-hours of electricity in 2014, representing 2 percent of the 
country’s total energy consumption, equivalent to the amount consumed by about 6.4 million 
average American homes that year [23]. The thermal management in data centers is primarily 
based on liquid cooling (mostly, water based) systems for meeting the cooling load requirement 
for IT equipment.  Liquid cooling systems are complex and expensive as they require electric 
power to operate line equipment such as chillers and pumps. Whereas, heat pipes do not have a 
water side system as the evaporator and condenser section lies within one envelop. Moreover, the 
physical footprint of heat pipe based systems is much small that does not require any plumbing 
and related infrastructure capital. Less number of moving parts contributes to higher overall 
reliability. Tao et al. [23] conducted an interesting study on energy consumptions by data centers 
in Beijing, China, showing that the energy utilization problem of cooling systems is especially 
prominent with energy consumptions accounting for 47 % in these data centers. The case studies 
showed that after using the heat pipe based systems, the cooling systems of data center and the 
communication base station can achieve the energy saving of 38.9% and 55.7 %, respectively.  
Heat pipe heat exchangers can be categorized into gas-gas, gas-liquid and liquid-liquid 
type heat units. Among these three, gas-gas heat pipe heat exchangers have the widest 
application in industry. A gas-gas heat pipe exchanger consists of a group of externally finned 
heat pipes which reclaim waste heat. These units eliminate cross-contamination due to the solid 
wall between the hot and cold gas streams [6]. This characteristic makes HPHE advantageous 
over rotary air-to-air enthalpy wheel, or heat recovery wheel. Enthalpy wheels generally require 
a driver motor to rotate unlike HPHE. 
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2.2 Design and Development 
For this thesis project, air to air (gas-gas) heat pipe heat exchangers are focused upon. 
The integration of heat pipes into heat exchangers and heat sinks have shown to have strong 
potential for energy savings, especially in response to the significant reduction in the 
manufacturing costs of heat pipes in recent years [24]. Heat exchangers derived from heat pipes 
have been researched and studied by many for various design and fabrication methodologies, 
which revealed best practices and approaches via experimental observations, theoretical 
modeling, and numerical modeling. Some of the parameters that significantly affect the 
performance of a heat pipe based system are choice of container material, working fluid and its 
required volume, inclination angles for operation, working fluid charging parameters, etc.  
Copper water heat pipes are selected for this research for their inexpensive construction, 
simplicity, and mid-level operational range (300K to 500K). Debora and Roger [22] conducted 
multiple experiments on stainless steel and copper as container material, with water as working 
fluid, operating on cycles at temperatures up to 200°C focusing on industrial applications. Test 
results showed reliable operation during the cycles, with fast start-ups and transients, achieving 
thermal conductance of up to 21.9 W/°C. Also, the  heat pipes produced better thermal 
performance than the steel-water heat pipes [22]. Rathod and Kate [25] investigated the thermal 
performance and effectiveness of Steel-water heat pipe heat exchanger (23 inches long heat 
pipes) for heat recovery applications by measuring the temperature difference of warm and cold 
air through the evaporator and condenser side. The hot-air temperature increased from 60°C to 
90°C; the heat-transfer rate increased slightly. The velocity increase from 8.5, 10, 16.3, to 18.7 
m/s led to a slight decrease in effectiveness [25]. The experimental investigation for this project 
involved a parametric study for varying air flowrate, presented in Chapter 4 and 5.  
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The HPHE prototype in this project was designed for vertical orientation. However, the 
literature suggests that slight inclination from a vertical orientation could improve efficiency but 
having an inclination induces complexity in system design and installation. As the inclination 
angle increases to 20°, only part of gravity acting on the liquid film, more and more liquid starts 
returning to evaporation. The thickness of liquid film becomes thinner, and the thermal 
resistance becomes smaller, so the cooling efficiency becomes higher [26]. Jouhara and 
Merchant [27] concluded that gravity assisted heat pipe heat exchanger performance is better as 
it does not deviate considerably from a vertical orientation through their experimental study for 
different inclination angles. Zhanga et al. [26] showed a similar result while studying cooling 
capacity and efficiency of the heat pipe exchanger under various inclination and air inlet 
conditions.  
Working fluid elected for this project was de-ionized water due to its high latent heat 
capacity and operating range. Water is also compatible with Copper, unlike ammonia. Grooten 
[28] stated that working fluids such as ammonia, pentane or water have advantage over R-134a 
as they have higher latent heat capacity, which enables higher heat transfer. In a heat pipe, heat 
transfer is based on evaporation and condensation. The latent heat of vaporization of the fluid is 
an important parameter and must be studies for the operating pressure and temperature 
conditions. The higher the latent heat of a fluid, higher the heat transfer at a lower pressure. 
Faghri [7] listed some common working fluids and their useful operating temperature ranges, 
summarized in Table 2.1. Jouhara and Merchant [29] mentioned several design and application 
details for both, low temperature and high temperature heat pipes. Cryogenic heat pipes operate 
under −70 °C, while low temperature heat pipes operate between −70 and 270 °C. The working 
fluid such as methanol and ethanol, ammonia, acetone or water could be used for low 
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temperature applications such as in semiconductor and medical industry. Working fluids selected 
for high temperature operation are generally alkali metals for applications such as high 
temperature heat exchangers, nuclear and solar reactors, space reactors, and solar energy storage 
with phase change materials [29]. 
Table 2.1 Common working fluids with operating temperature range [7] 
Working 
Fluid 
Melting Point, K at 
1 atm 
Boiling Point, K at 1 
atm 
Useful Range, K 
Ammonia 195.5 239.9 213-373 
Freon 21 138.1 282 233-360 
Freon 11 162.1 296.8 233-393 
Pentane 143.1 309.2 253-393 
Freon 113 236.5 320.8 263-373 
Acetone 180 329.4 273-393 
Methanol 175.1 337.8 283-403 
Ethanol 158.7 351.5 273-403 
Heptane 182.5 371.5 273-423 
Water 273.1 373.1 303-550 
Toluene 178.1 383.7 323-473 
Naphthalene 353.4 490 408-623 
Dowtherm 285.1 527 423-668 
Mercury 234.2 630.1 523-923 
Sulphur 385.9 717.8 530-947 
Potassium 336.4 1032 773-1273 
Sodium 371 1151 873-1473 
  
Material of the container is also taken under consideration for compatibility with the 
working fluid. Faghri [7] summarized a number of compatible and incompatible container 
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material with respect to common working fluid types, listed in Table 2.2. Copper is the most 
common choice of container material with de-ionized water as the working fluid for industrial 
and HVAC applications due to its commercial availability, low cost, and high thermal 
conductivity. 
Table 2.2 Generalized results of experimental compatibility tests [7] 
Working Fluid Compatible Material Incompatible Material 
Ammonia 
Aluminum, Stainless 
Steel, Cold Rolled 
Steel, Iron, Nickel 
Copper 
Freon 21 Aluminum, Iron 
 












Stainless Steel, Iron, 












Copper, Silica  










Wick structures can be selected or optimized as per the demand of application. Capillary 
or wick action can be induced in a heat pipe with various designs. Faghri [7] summarized 
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different wick designs that are categorized based on their design, degree of capillarity, thermal 
conductivity, and permeability under Table 2.3. Most common wick types are the sintered metal, 
grooved, and mesh type or wrapped screen, shown in Figure 1.4. 
Table 2.3 Typical homogeneous wick designs [7] 
 
Charging of heat pipes is a critical process. The quality of charging determines the 
overall behavior and prediction of any heat pipe system. Two most important factor associated 
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with charging is the level of vacuum conditions for backfilling and the correct amount of 
working fluid. Ma [30] recommended that 0.001 Torr is the ideal vacuum pressure for backfilling 
an oscillating or closed loop heat pipe. However, oscillating heat pipes are loops with a number 
of turns and twisting geometries, making them difficult to evacuate. Simpler heat pipes can be 
appropriately charged at vacuum pressures up to 0.18 mbar or 18 Pa [31]. A literature review on 
levels of vacuum pressure used for charging is presented by Ma, shown in Table 2.4.   
Table 2.4 Literature review on vacuum pressures achieved during charging [30] 
Source Vacuum pressure Temperature Time 
Khandekar et al. (2009) 7.5 X 10
-5
 Torr N/A N/A 
Song and Xu (2009) 7.5 X 10
-4
 Torr 150°C 8 hours 
Lin et al. (2008) 6 X 10
-2
 Torr N/A N/A 
Li and Yan (2008) 37.5 Torr N/A N/A 
Lin et al. (2009) 7.5 Torr N/A N/A 
Wang et al. (2009) > 7.5 Torr N/A N/A 
Xu et al. (2005) 7.5 X 10
-4
 Torr 100°C 8 hours 
Fumoto and Kawaji (2009) -735.06 Torr (gauge) N/A N/A 
Tong et al. (2001) 1.0 X 10
-5
 Torr N/A N/A 
Kim et al. (2003) 1.0 X 10
-3
 Torr N/A N/A 
Hemadri et al. (2011) 1.0 X 10
-5
 Torr N/A N/A 
Kumar Saha et al. (2011) 1.0 X 10
-5
 Torr N/A N/A 
Mameli et al. (2011) 1.0 X 10
-5
 Torr N/A N/A 
Riehl and dos Santos (2012) 1.0 X 10
-6
 Torr N/A 24 hours 
 
In the literature, fill ratio is referred to as the amount of working fluid with respect to the 
volume of evaporator section of the heat pipe. Mozumder et al. [32] showed the effects of 
different working fluids and their fill ratios on the performance of heat pipes. For water as a 
 
23 
working fluid, fill ratio of 85% was determined to be the most appropriate, as shown in Figure 
2.1 and 2.2. For all the tested fill ratios, thermal resistance values for 85% are lowest. Thermal 
heat transfer coefficient for the 85% fill ratios are the highest of all the scenarios. For this 
project, fill ratio of 70% with a 10% of overdesign margin was used to minimize charging errors.  
Ma [30] presented two potential charging methods for the fabrication of heat pipes. 
Addition of a cold spot in the vacuum system is recommended as it helps in accelerating the 
evacuation process. The cold spot on the vacuum line can be achieved by using a cold trap 
charged with liquid nitrogen or dry ice. The cryogenic temperatures on the vacuum line helps by 
trapping any water condensates or moisture by freezing it, so that the moisture does not disturb 
the vacuum by evaporating at low pressures. As discussed in Chapter 4, the charging method for 
this project is based on the method presented in Figure 2.3. 
 




Figure 2.2 Variation of heat transfer coefficient with varying heat loads [25] 
 
 
Figure 2.3 Schematic for charging method for heat pipes [30] 
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The heat pipes developed into the HPHE for this project did not have wick structures. 
However, his project can serve as a baseline to prospective studies with wicked or capillary 
driven HPHE. In a gravity-assisted mode, the presence of a capillary structure is not obligatory 
as in purely a capillary-drive heat pipe. However, gravity-assisted heat pipes with capillary 
structure protect the liquid against the shear stress exerted by counter-flowing vapor and also to 
induce circumferential distribution of the working fluid within the evaporator section. In gravity-
assisted heat pipes, relatively high rates of heat transfer can be achieved even with working 
fluids having low surface tension [33]. 
To create a landscape page, you just rotate the page using the “Orientation” option in the 
Layout Tab.  This will put your page number at the bottom of the page.  If you would like to 







Mathematical modeling of a heat pipe and their derivative systems is a complicated 
process. As discussed in Chapter 2, several researchers have investigated and developed 
thermodynamic and mathematical models to predict the behavior and performance of heat pipe 
based systems. For this project, a Mathcad based design tool was developed to predict the rated 
capacity of HPHE designs, discussed in Section 3.3. 
3.1 Thermal Resistance Modeling 
Thermal resistance network is a very simple yet effective technique to model steady state 
heat pipe based system. A thermal element is either a thermal resistance or a thermal 
conductance. Materials at steady state with homogenous thermal properties and negligible 
internal heat generation reduce to a thermal resistance [26]. In this modeling technique, heat 
transfer in only one dimension is assumed. The governing conductive heat transfer Equation, 
also known as Fourier’s law is generally given as follows. 







  in represents thermal resistance which is commonly abbreviated as letter – R in 
the literature. The thermal resistance network of a single heat pipe or a thermosyphon heat 
exchanger is shown in the Figure 3.1.  Equivalent thermal resistance of a thermosyphon or heat 
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pipe is the overall resistance acting against heat transfer. This concept is analogous to the 
equivalent ohmic resistance in an electric circuit. 
 
Figure 3.1 Thermal resistance network for a single heat pipe [34] 
 
Equivalent thermal resistance of a thermosyphon or heat pipe (see Figure 3.1), can be 
expressed as in Equation 3.2. 




Equation 3.2 consists of several thermal resistances which are discussed in detail as 
follows. Conduction resistance through the section of separation plate is 𝑅𝑃𝑙𝑎𝑡𝑒 is calculated 
using the thickness of the plate (𝑡𝑝𝑙𝑎𝑡𝑒), thermal conductivity of the plate material (𝑘𝑝𝑙𝑎𝑡𝑒) and 
the area of the plate across which the heat transfer takes place (𝐴𝑝𝑙𝑎𝑡𝑒).  
 𝑅𝑃𝑙𝑎𝑡𝑒 =  
𝑡𝑝𝑙𝑎𝑡𝑒
𝑘𝑝𝑙𝑎𝑡𝑒 𝐴𝑝𝑙𝑎𝑡𝑒
  (3.3) 
Convective heat transfer resistances between the fluid flowing over the separation plate in 
the evaporator and condenser sections are respectively expressed in Equation 3.4 and 3.5.  
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Predicting the convective heat transfer coefficients (ℎ𝑝𝑙𝑎𝑡𝑒,𝑒 , ℎ𝑝𝑙𝑎𝑡𝑒,𝑐) between the fluid in 
evaporator or condenser section and the container wall in the respective sections is rather a 
complicated process. Although, for a module at steady state with uniform air distribution of the 
fluid stream outside the container, thermal resistance can generally be defined as in Equation 3.6 
and 3.7.  








Determination of convective heat transfer coefficients is based on empirical and dimensionless 
studies discussed in the following sections. The magnitude of convective coefficient for a single 
heat pipe is insignificant. However, it provides the basis for analysis of a heat exchanger system 
that employs multiple heat pipes. The heat exchangers are designed with finned or un-finned heat 
pipe bundles, staggered in multiple ways to enhance the convective heat transfer. The overall 
convective heat transfer coefficient calculations play a critical in designing and predicting the 
heat transfer capacity in a HPHE. In this document, the coefficients are given by ℎ𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟,𝑒 and 
ℎ𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟,𝑐 for evaporator and condenser, respectively. The overall surface areas exposed to the 
external fluids are represented by 𝐴𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟,𝑒 and 𝐴𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟,𝑐 respectively.  
Zukauskas proposed a correlation to determine the average heat transfer coefficient for 
entire un-finned tube bank over the range of varying Reynolds number [7]. The Nusselt number 
relation is as follows. 
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 𝑁𝑢𝐷 =  𝐶1  𝑅𝑒𝐷,𝑚𝑎𝑥 







Note that the Prandtl number (Prs) is evaluated at the arithmetic mean of fluid stream’s inlet and 
outlet temperatures. Corrugation or arrangement configurations for tube bundle are shown in 
Figure 3.2. ST and SL represent transverse pitch and lateral pitch. T∞ and u∞ in the Figure shows 
the ambient temperature and convective heat transfer coefficient, also represented by letter h. 
 
Figure 3.2 Tube bundle arrangement: (a) aligned; (b) staggered [8] 
 
 The constants used in Equation 3.8 are presented in Table 3.1 with respect to different 
corrugation styles options at various ranges of Reynolds numbers.  




For standard finned tube configurations, Schmidt proposed correlation that can be used to 
estimate convective heat transfer coefficient for a wide range of Reynolds number, ranging from 
1000 < Re D < 40000, with the following Equation 3.9 [7]. 











8    𝑃𝑟
1
3 (3.9) 
where, Reynolds number (Red) is calculated using the outside diameter of the container as the 
characteristic length. At is the total surface area of the evaporator or condenser section exposed to 
the external including fin area. Ab is the surface area of bare tubes in the evaporator or condenser 
section [35]. In the model presented by Schmidt, Nusselt number is weakly depended on the tube 
spacing. C1 has a value of 0.45 for staggered or 0.30 for aligned corrugation, respectively. The 
convective heat transfer coefficient, h can be determined from the Nusselt correlation, 𝑁𝑢 =
ℎ𝐿/𝑘. Here, L and k are the characteristic length and thermal conductivity of the container, 
respectively.  
Alternatively, correlations developed by Rich and London for continuous fin with 
circular tubing can be used to estimate the convective heat transfer coefficients, presented in 
Equations 3.10 through 3.11. 




 𝑗 =  0.195 (𝑅𝑒𝐿)
−0.35 (3.11) 
G represents the flow stream mass velocity of the section in question. Reynolds number is used 
to determine the Colburn factor, j with Equation 3.11. Another expression that relates the 
Colburn factor with the unknown Prandtl number is shown in Equation 3.12. 
  𝑗 =  𝑆𝑡 (𝑃𝑟)2/3 (3.12) 
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Here, term St represents a dimensionless number known as Stanton number, i.e. ratio of heat 




  (3.13) 
Equations 3.10 through 3.13 can be collectively used to determine convective coefficients. In 
Figure 3.1, the resistance element representing the overall heat pipe resistance is shown as 
Rheatpipe. This resistance modeling is equivalent of multiple internal resistances such as wall 
resistances, internal condensation resistance, interfacial resistance, etc. The applicable equivalent 
thermal resistance model is given by the following Equation 3.14.  












Shabgard et al. [34] presented the details for evaluating the thermal resistance terms in the 
Equation. Empirical Equations and limitations associated with the various thermal resistances in 
3.14 are shown in the resistance model presented in Figure 3.3 
.  
Figure 3.3 Thermal resistance network for a single heat pipe [34] 
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3.2 Air to Air Heat Pipe Heat Exchanger Modeling 
This project focuses on designing air-to-air (also known as gas-to-gas) thermal 
management solution. Gas to gas implies that fluid streams in the condenser and evaporator 
sections are in gaseous state. Thermal resistance modeling discussed in Section 3.1, along with 
the prevalent design practices to design the airside of finned tube heat exchangers can be used to 
design the heat pipe heat exchangers. Figure 3.4 shows the general concept and thermal 
resistance model for a HPHE without an adiabatic section. 
 
Figure 3.4 Design flow concept with thermal resistance model [34] 
 
The two most common methods used for designing heat exchangers are the log-mean 
temperature difference (LMTD) method and effectiveness number of heat transfer units (ϵ-NTU) 
method. Neither of the methods is directly applicable for designing HPHE, since the internal 
working principle of a heat pipe is a cyclic phase change process inside a single container. In 
other words, the condensation and evaporation operation is occurring inside one container, with 
effect of body forces such as gravity or capillary pressure that LMTD method does not account 
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for. However, a special ϵ-NTU method can be used for simulating HPHE systems. Azad and 
Geoola based their mathematical model on ϵ-NTU [27]. Evaluation of NTU or number of heat 
transfer units can be completed by following the prevalent theory of heat exchanger design. The 
most critical element is calculating the effectiveness for HPHE, which is presented as follows. 
For the evaporator and condenser sections of a HPHE with single row, expressions used for 
evaluating the effectiveness are shown in the Equations 3.15 and 3.16, respectively. Equations 
3.17 and 3.18 are applicable for evaluating the effectiveness of HPHE with more than one rows, 
or n number of rows. 
  ∈𝑒𝑣𝑎𝑝,1 =  1 −  𝑒
−𝑁𝑇𝑈𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟   (3.15) 
  ∈𝑐𝑜𝑛𝑑,1 =  1 −  𝑒
−𝑁𝑇𝑈𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟   (3.16) 






















  (3.17) 






















  (3.18) 
Here, Ce and Cc represent the specific heat capacity of the gas flowing in the evaporator and 
condenser sections, respectively. Since the vapor profile inside the heat pipe stays at a fairly 
constant temperature, Cv (the capacity rate) is infinite in magnitude. The overall effectiveness of 
the heat exchanger is expressed as in Equation 3.19.  




















𝑖𝑓𝐶𝑐 >  𝐶𝑒 (3.19) 
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3.3 Mathcad Design Tool 
A Mathcad based design tool was developed by utilizing various attributes discussed in 
the HPHE literature and theory presented in Section 1.2, 3.1 and 3.2. The calculation 
methodology employed for the design tool is commonly known as rate type method in the heat 
exchanger design theory. For a rate type simulation, physical design parameters such as size of 
the heat exchanger, fin profile, length of tubes, etc. are the known quantities, and thermal 
performance data such as capacity (analogous to heat or thermal duty), overall effectiveness, 
outlet temperatures, etc. are unknown or desired quantities. Figure 3.5 shows a screenshot of the 
required input parameters and Figure 3.6 shows the output parameters from the design tool. 
The tool was developed as a preliminary designer as it assumes the heat pipe operation at 
steady state and a one-dimensional thermal model. A design point was selected with a target 
rated capacity of 12.5 kW with an air flowrate of 600 cfm in the evaporator. Return air 
temperature of temperature of 184 ºF was selected to be treated against 74 ºF of ambient air. A 
HPHE design was yielded by manually iterating over the physical design parameters, especially 
number of rows, fins pitch, and length of tubes to achieve the target design point rating. Further 
details related to the HPHE design are discussed in Chapter 4.  
Note that the design tool calculations are based on air at sea level as the external medium. 
However, for the simulation with other gaseous substances as the fluid streams in the evaporator 
or condenser sections, properties of air must be replaced by the appropriate properties of the 












PROTOTYPING AND EXPERIMENTAL SETUP 
A heat pipe heat exchanger prototype was built based on the design parameters estimated 
with Mathcad based design tool, discussed in Chapter 3. Construction of a copper-water HPHE 
prototype was carried out using a charging method utilizing a liquid nitrogen cold trap, presented 
in the following section of this Chapter. A test wind tunnel was also constructed with proper 
instrumentation and data acquisition unit for telemetry, to conduct experiments on the prototype 
design. Design details and components of the wind tunnel are also presented in Section 4.2.   
4.1 Prototyping of Heat Pipe Heat Exchanger 
Prototype unit was developed to explore challenges associated with manufacturability, to 
exercise best design practices, and to check the prediction capabilities of the Mathcad design 
tool. A test wind tunnel was also built to measure the thermal performance of HPHE prototype 
and to conduct parametric studies. The experimental result parameters were compared with the 
ones obtained from the Mathcad design tool, presented in Chapter 5.  
4.1.1 Design Parameters 
Input design parameters used for Mathcad design tool are presented in Table 4.1. Design 
point and thermal performance estimation are based on the specified dimensional parameters in 
Table 4.1. Mathcad design calculations are based on de-ionized water as the working fluid; soft 
level wound copper tubing (ASTM B743) as the container material, and Aluminum (3003-H14) 
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for rippled fin stock for 10 fins per inch collar design. Adiabatic section in this design is muted 
as the tube is separated into two major air flowrates in the evaporator and condenser aisle. This is 
also a very common practice in HVAC application for waste heat recovery. Details regarding 
thermal modeling of the HPHE designs are discussed in Section 3.2.  
Table 4.1 HPHE design input parameters  
Design Parameters Values Units 
Working Fluid De-ionized Water 
 
Container Material Copper (ASTM B743) 
 
Tube Length 38 in 
Evaporator Finned Length 18 in 
Condenser Finned Length 18 in 
Tube Outside Diameter 0.625 in 
Tube  Inside Diameter 0.575 in 
Tube Wall Thickness 0.025 in 
Fin Material Aluminum (3003 H14) 
 
Fin Thickness 0.0075 in 
Fins per inch (evaporator) 10 per inch 
Fins per inch (condenser) 10 per inch 
Number of Rows 3 
 
Number of Tubes 35 
 
Tube Arrangement Staggered 
 
Spacing normal to the flow 1.5 in 
Spacing parallel to the flow 1.3 in 
4.1.2 Fabrication of HPHE 
The HPHE selected for this project was a finned tube design, where copper tubes were 
expanded into aluminum fin stock. The process causes an expansion joint between the fins and 
individual tubes for effective heat transfer. This is the most common manufacturing method in 
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the finned tube coil industry. Figure 4.1 shows the expansion method using a die. Copper tubing 
for this project was purchased with internal tube diameter of 0.615 inches. The desired internal 
diameter of 0.625 inches is obtained after expansion. A bullet like die with an overdesigned 
outside diameter by five thousandth of an inch (0.005 in), is forced across the finned length of 
the tube using a motorized push rod or pressurized waterjet, causing an expansion joint. The 
overdesigned outside diameter is compensated by the shrinking effect of the tube as the die 
progresses through the finned length. The shrink factor is empirically determined, and is 
commonly published in documents like design manuals and material specification sheet.  
 
 
Figure 4.1 Tube to fin expansion joint [36] 
 
 Figure 4.2 shows the screenshot of the CAD model of the unfinished or pre-charged 
HPHE prototype. An intermediate tube plate is inserted between the fins stock to provide 
structural rigidity to the HPHE design. It also separates the condenser and evaporator section, 




Figure 4.2 Prototype CAD model: before charging  
 
 
To prepare the finned tubes for charging, one end of the tubes was sealed by pinching and 
brazing and a capillary tube was installed on the all the tubes at another open end, shown in 
Figure 4.3. Capillary tubes were made of ASTM B280 soft copper tubing with outside diameter 
of 0.156 inches and wall thickness of 0.030 inches. 
4.1.3 Charging of HPHE  
Working fluid charging is the most critical step in the fabrication process of heat pipes. In 
order for the heat pipes to perform appropriately, tubes must ideally be free of moisture or 
contaminates that can potentially tamper the vacuum conditions. Maintaining a deep vacuum for 
charging via back-filling is very challenging. The back-filling process is analogous to charging 
an evaporator coil in a car or refrigerator, where a refrigerant manifold gauge is used with a 
commercial grade vacuum pump to evacuate the evaporator coil. In heat pipes charging, the 
manifold system in tens of times smaller than a commercial grade manifold gauge. The tubes 
used for charging were 1/8 in in internal diameter, accumulating the overall system volume of 10 
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ml. The common vacuum pressure used for charging a commercial evaporator is 500 microns of 
Hg, whereas heat pipe charging requires deep vacuum conditions, ranging from 10 to 150 
microns of Hg, depending on the design of the system. To trap the condensates and residual 
moisture from the air, a cold spot in the vacuum system is recommended, as discussed in Section 
2.2. Therefore, a liquid nitrogen cold trap was used in the charging process of all heat pipe tubes 
in the prototype. To meet the selected fill ratio of 70% of the volume of the evaporator section; a 
100 ml industrial syringe was used to charge the heat pipes with a predetermined range of 60-70 
ml. All heat pipes in prototype were charged within +/- 5% of 65 ml. This operation had high 
potential for human errors due to its dependency on the valve operation and pinch-off action 
during the backfilling process. 
Heat pipe charging method was based on the model discussed in Section 2.2. In theory, 
heat pipe container with a sealed end as shown in Figure 4.3 (b) was created before charging the 
system. Capillary tubes were inserted and brazed on the other end of container for backfilling as 
shown in Figure 4.3 (a). The capillary tubes were used for vacuumed backfilling of the 
individual expanded tubes with de-ionized water using a manifold gauge like setup. Figure 4.4 
shows the charging setup used for prototyping. 
 




Figure 4.4 Heat pipe charging setup 
 
 
Sealing the heat pipe tubes effectively is also a crucial step in the fabrication process. A 
bad seal or a small leak destroys the vacuum conditions inside the tube, causing the heat pipes to 
fail. A pinch-off tool utilized for this project was capable of accomplishing two simultaneous 
operations: breaking the tube by pinching while creating a hermetic seal. The pinch-off tool, HY 
187 by Custom Products creates a friction induced cold weld during the pinching action. Further 
brazing or soldering over the cold weld joint is not recommended as the heat involved in such 
operations can tamper the cold weld. However, a commercial grade 2-part epoxy was used that 
sets within 60 second as an additional barrier to reinforce the joint. There is no effective method 
to ensure if the heat pipes were charged appropriately after they are sealed. Multiple trials were 
conducted to study the sealing capability and a method was developed to introduce a check point 
for leaking tubes. A transparent PVC tube of 4 to 5 inches long was used to dress the joints. The 
transparent tube allowed the opportunity for a preliminary check for leakage over time for tiny 
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water droplets or condensate becoming apparent. Figure 4.5 shows the finished heat pipe heat 
exchanger prototype. 
       
Figure 4.5 Finished HPHE prototype with capillary end sealed  
 
4.2 Experimental Setup 
4.2.1 Test Wind Tunnel 
The main objectives of the HPHE prototype experiments were to prove the preliminary 
design concept, test data comparison with the Mathcad design tool predictions, and to determine 
baseline parameters for further research and development. Therefore, a parallel air flow 
configuration was selected for wind test tunnel in this study, for which a single fan was used to 
achieve predetermined air flowrate in the evaporator and condenser aisle. Characteristically, air 
flowrate throughout the tunnel remained unidirectional. This preliminary design was used for its 
cost effectiveness and simplicity. For more accurate studies, a counter flow profile with separate 
fans for the condenser and evaporator aisle is recommended. Separate flow regimes can be 
independently varied, measured and controlled for a variety of parametric studies. Figure 4.6 




Figure 4.6 Design flow concept for wind test tunnel 
 
A test wind tunnel was constructed based on this design concept to conduct experiments 
on the HPHE prototype, shown in Figure 4.The components used in the construction of the 
tunnel are also discussed as follows. 
 
Figure 4.7 Wind tunnel construction 
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The air flowrates in the split tunnel was driven by a fan, Dynamaster FN-R16G4 with 
rated flowrate capacity of 2400 CFM at 0.0 inches of H20 static pressure. The fan was coupled 
with a 0-10V potentiometer control to add the capability of varying fan speed for parametric 
studies.  The tunnel was equipped with a data acquisition unit, DT85 Data Taker. A series of 45 
Omega PVC-T type thermocouples were installed at different locations in the wind tunnel to 
capture temperatures for performance prediction. An evenly distributed grid of 9 thermocouples 
was created at the upstream and downstream of the evaporator and condenser section of the 
HPHE. The grid was placed within 0.5 inches of the HPHE fin surface. Low differential pressure 
transmitter (Omega PX655-01BDI, range: 0-1” WC with 0.25% accuracy) was used with four 
static pressure tips (Dwyer Instruments A-302), installed at the upstream and downstream of both 
aisles to measure the airside pressure drop across the HPHE. Since the HPHE design was very 
simple, very small measureable pressure drop recordings were expected. The heater elements 
were installed on the inlet side the evaporator section, to heat the incoming ambient air up to the 
design values. Tutco 71-1292 duct heater elements with maximum heater power of 16.5 kW 
(415V/3 Phase/60 Hz) were used at the entrance of the evaporator aisle. The heaters were also 
coupled with a similar 0-10V potentiometer to control the supplied heating load to HPHE 
prototype. A 4-probe, honeycomb style air flowmeter (ELECTRA-flo/CM) was also installed in 
the tunnel after transition. The flowmeter was also equipped with Veltron 2500 transmitter for 
accessing parameters. 
4.3 Experimental Parameters 
Experimental parameters were designed measure thermal performance of the HPHE 
prototype and to compare data with the thermal duty predicted with the Mathcad design tool. 
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Further studies were also conducted to study the effects of varying air flowrates and varying heat 
loads on the HPHE. The experimental results are presented in Chapter 5.  
4.3.1 Design Point Test 
The input parameter used for the construction of the HPHE using the Mathcad design tool 
yielded the thermal performance data, presented in Table 4.2. The experiment was set up to 
reproduce identical inlet conditions for the HPHE. For the proof-of-concept study, this design 
point was selected as it is representative of a mid-size thermal management solution for 
applications such as electromechanical equipment cooling, data center server room cooling, etc.  
Table 4.2 HPHE design input parameters  
Design Parameters Values Units 
Predicted Rated Power 12.5 kW 
Number of tubes 35 tubes 
Evaporator, inlet air temperature 84 ºC 
Condenser, inlet air temperature 23.3 ºC 
Evaporator, outlet air temperature 41 ºC 
Target Temperature drop 44 ΔºC 
Evaporator, air flowrate 600 cfm 
Airside pressure drop 29.8 Pa 
4.3.2 Varying Air Flowrate Test 
In addition to the design point experiment, the HPHE prototype was treated with varying 
air flowrate, while maintaining the heater power at 13.5 kW (by maintaining 5.5V input on the 0-
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10V potentiometer control).  The total air flowrate in the tunnel was varied between 790 cfm to 
2500 cfm, i.e. by running the fan from 30% to 100% of its maximum speed. Table 4.3 shows the 
set points for 30 minute long test cycles for each test point. The airflow was continuously 
adjusted to account for the density variations due to change in temperature.  
Table 4.3 HPHE input parameters for varying flowrate test 




Air flowrate (CFM) 
100% 2500 1103 
94% 2360 1006 
79% 1980 850 
60% 1500 603 
44% 1100 427 
32% 790 310 
4.3.3 Varying Heater Power Test 
The HPHE prototype was also tested for varying input heater load to determine its startup 
temperature along with operating temperature range. The input heater power was controlled 
using the 0-10 V potentiometer for 8 test set points. The total test flowrate fluctuated between 
1000 cfm to 1300 cfm. Air flowrates were constantly adjusted to account for the change in 
density due to change in air temperature. Smaller time cycles, 5 out of 15 minutes long were 
captured after meeting a steady state response. Smaller time cycles were chosen to minimize the 






Table 4.4 HPHE input parameters for varying flowrate test 














1150 500 51% 8.4 
58% 9.6 
65% 10.8 
790 425 73% 12 
87% 14.4 
 
4.4 Experimental Shortcomings 
There were various quantitative and qualitative parameters such as assumptions, design 
deficiencies, high human factor, etc. in this study that must be accounted for their influence on 
the tested and predicted data. Such parameters would also contribute in causing deviation of the 
experimental data from the calculated data.   
1. HPHE design was based on simplistic steady state mathematical modeling. The 
prediction model also consisted of several empirical models such as the expressions used 
for the calculation of convective heat transfer coefficient.  
2. Value of fin efficiency used in the calculation is not representative of the real HPHE 
prototype because of its design. Portion of the HPHE prototype was left without finned, 
1.5” on the condenser section and 1” on the evaporator section. This allowance was kept 
for two main reasons: to account for the axial shrinkage during the tube-to-fin expansion 
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joint; to allow clearance for the pinch-off tool during the charging step. The clearance 
also created lower resistance spots in the air streams.  
3. Charging method used a commercial grade vacuum pump that achieved up to 150-200 
micron of Hg pressure (measured with a high precision gauge, 925 MicroPirani 
transducer (accuracy: 10
-3
 to 100 Torr ±5%). An ideal heat pipe charge occurs at deeper 
vacuum pressure range of 50 to 130 microns of Hg. The heat exchanger charging was 
completed manually, situating working fluid equivalent to 70% of the volume of 
evaporator with 10% overdesign margin by volume. The manual pinch-off and valve 








RESULTS AND DISCUSSION 
In this Chapter, experimental results and observations are discussed in Section 5.1 and 
5.2. Opportunities for future work and thesis conclusion are presented in Sections 5.3 and 5.4. 
5.1 Experimental Results and Discussion 
5.1.1 Design Point Results 
Experimental parameters for HPHE prototype design point tests are discussed in Section 
4.3.1. Steady state response for design point operation was captured over 15 minutes, eight time 
steps per minute. Figure 5.1 shows the entering air temperature (EAT) and leaving air 
temperature (LAT) profiles for the design point. For a recirculating cooling application such as 
in generator cooling, EAT and LAT are representative of return air and supply air, respectively.  
 



















Timesteps  (8 steps = 1 minute)  
Entering Air Temperature (°C)
Leaving Air Temperature (°C)
Average EAT: 84.6 °C       
Average LAT: 51.6°C       
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Experimental results for the design point are summarized in Table 5.1. The measured 
duty of HPHE prototype for the described input parameters was 11.4 kW with 54% 
effectiveness. The measured capacity was 8.5% below the predicted capacity. The overall 
effectiveness estimated from the measured experimental data was 54%. 
Table 5.1 HPHE prototype thermal performance data for design point 
Design Parameters Values Units 
Measured Duty 11.4 kW 
Overall HPHE effectiveness 54 %  
Evaporator, inlet air temperature 84.6 ºC 
Condenser, inlet air temperature 23.3 ºC 
Evaporator, outlet air temperature 51.6 ºC 
Resulted Temperature drop 33 ΔºC 
Evaporator, air flowrate 603 cfm 
Airside pressure drop 80 Pa 
5.1.2 Varying Air Flowrate Results 
Experimental parameters for HPHE prototype tests for varying air flowrate are discussed 
in Section 4.3.2. In this section, HPHE capacity and overall effectiveness values estimated from 
the experimental data are compared with the values predicted using the Mathcad design tool. In 
both methods, changes in air density due to the change in air temperature are accounted for. 
Figure 5.2 shows the comparison of rated capacity and Figure 5.3 shows the comparison of 




Figure 5.2 Rated capacity for varying air flowrate  
 















































5.1.3 Varying Heat Power Results 
Experimental parameters for HPHE prototype tests for varying input heater power are 
discussed in Section 4.3.3. In this section, HPHE capacity and overall effectiveness values 
estimated from the experimental data are compared with the values predicted using the Mathcad 
design tool. In both methods, changes in air density due to the change in air temperature are 
accounted for. Figure 5.4 show the comparison of rated capacity and Figure 5.5 shows the 
comparison of HPHE effectiveness, both as a function of varying input heater power. 
 
Figure 5.4 Capacity for varying input heater power  
 
The difference between predicted and capacity for the initial flowrate increased as the 
heater input power increased towards the design point. When the supplied heater power was 
under 10kW, the design tool model predicted the capacity within an average of 3% of the tested 






















capacity values with an average of 11% of the tested values. At lower operating temperatures, 
heat pipe operational errors do not become significant. Figure 5.5 shows similar trends for 
effectiveness.  
 
Figure 5.5 Effectiveness for varying input heater power  
 
Note that similar case of over-prediction was observed in the design point testing 
discussed in Section 5.1.1. This trend indicates that the HPHE deviated from their ideal operation 
condition. Errors in heat pipe charging, errors in prediction model, and an experimental error 
contributes towards such deviations. Since the charging method was prone to human errors, 
further data analysis was dispensable. However, further demonstrations and tests conducted at 
the intervals of 1 week for two weeks, produced identical test data.  This confirms that the 























Heat pipe heat exchangers are highly energy efficient devices as demonstrated in this 
project. Heat pipe based systems do not require any external source of energy (electrical or 
thermal) for operation as they operate passively due to observed temperature difference at its 
opposite ends. Enhancement in the overall surface area for heat exchange makes the system more 
effective for heat transfer, therefore the heat pipes are employed to develop heat exchangers.  
The heat pipe based heat exchanger offer free sensible cooling to a fluid stream by extracting its 
heat in the evaporator section and dissipating it into the condenser section. Working fluid inside 
the heat pipe extracts the heat energy from a hot external fluid stream as it evaporates and rises to 
the condenser section due to internal differential vapor pressure. The relatively cooler fluid 
stream flowing over the condenser extracts the latent heat of vaporization from vapor inside the 
heat pipe, causing the working fluid to condense. The condensed working fluid returns back to 
the evaporator with the assistance of gravity or capillary wick structures. The overall effective 
heat transfer coefficient is multiple of 200 to 500 times higher than that of a good thermal 
conductor such as copper.  
Heat pipes are very popular in electronic cooling, energy recovery, etc. applications. Heat 
pipe technology has huge potentials in target thermal management applications as it can factor 
out the cost associated with infrastructure development, operation and management cost 
associated with systems that are water or refrigerant based. Other advantages and attributes of 
heat pipes based systems are: passivity, zero emission, inexpensive manufacturing and operation, 
longevity, and noiseless operation.  
Under this project, a heat pipe heat exchanger (HPHE) Mathcad based design tool 
program was developed. The design tool served as a rate type calculator, that predicted 12.5 kW 
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as the rated capacity at 600 cfm of air flowrate for a 3 Row, 10 fins per inch, 35 tubes design 
HPHE. A HPHE test prototype with the similar physical parameters was designed. A wind test 
tunnel, equipped with a data acquisition system for telemetry, was constructed to conduct 
experiments on HPHE. The HPHE prototype thermal capacity based on the experimental data 
was estimated to be 11.54 kW with 54% effectiveness at 600 cfm of air flowrate.  
5.3 Future Work  
This project exposed multiple opportunities for further research and development in the 
field of HPHE design for manufacturability.  
1. An effective charging system will considerably improve the manufacturing process of 
HPHE. Individual tube charging is the bottleneck in the process of manufacturing the 
conventional HPHE systems. Average charging time per tube was approximately 10 
minutes while considering the intermittent downtime for thawing the liquid nitrogen cold 
trap during consecutive charging cycles. An automatic and controllable, dynamic 
charging system would expedite the throughput. An automatic charging system will also 
decrease the potential of human error in the charging process. 
2. Sealing method used on the test prototype is not applicable for a production level 
prototyping or manufacturing, because of its fragility. Industrial grade sealing method 
and the derived seal will improve the built quality of heat pipe systems. 
3. Conventional heat pipes based heat exchangers with various wick structure designs and at 
various inclinations are shown to yield better efficiency in the literature. This result can 
be used a baseline for prospective variation studies related to wick heat pipes, length 
profiles, inclination angles and higher working fluid fill ratios. 
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Viability of oscillating heat pipes (OHP) based systems can be explored as the charging 
of such heat exchangers is much less complex to that of a conventional heat pipe based system. 
Since, closed loop OHP has a single point of opening that needs to be sealed. For the same 





[1] Baghban, Noie & Hossein, Seyed, “Application of heat pipe heat exchangers in heating, 
ventilation and air conditioning (HVAC) systems”. Scientific research and essays, vol. 6, 
2011.  
[2] Wikipedia (2010). Laptop heat pipe. [image] Retrieved from: 
https://commons.wikimedia.org/wiki/File:Laptop_Heat_Pipe.JPG [Accessed 19 Feb. 
2019].  
[3] Global Sources (2019). Computer Flattened Laptop Heat Pipe. [image] Retrieved from: 
https://www.globalsources.com/gsol/I/Copper-heating/p/sm/1160347628. 
htm#1160347628 [Accessed 19 Feb. 2019].  
[4] Wadley Research Group, University of Virginia (2013). “Heat pipe working fluid figures 
of merit”. [image] Retrieved from: http://www.virginia.edu/ms/research/wadley/thermal-
management.html [Accessed 14 Jan. 2019]. 
[5] Gamers Nexus (2012). Understanding CPU Heatsinks: Picking the Best CPU Cooler. 
[image] Available at: https://www.gamersnexus.net/guides/981-how-cpu-coolers-work 
[Accessed 19 Feb. 2019]. 
[6] Faghri, Amir, “Heat pipes: Review, opportunities and challenges,” Frontiers in Heat 
Pipes, vol. 5, 2014. 
[7] T. L. Bergman, A. S. Lavine, and F. P. Incropera, Fundamentals of Heat and Mass 
Transfer, 7th Edition. John Wiley & Sons, 2011. 
[8] Fadhl, B., “Modelling of the Thermal Behaviour of a Two-Phase Closed Thermosyphon,” 
Ph.D. Thesis, Brunel University London, London, UK, March 2016. 
[9] ESDU. Heat pipes - general information on their use, operation and design. ESDU 
Manual, 1980, 80013.1980. 
[10] W. Rohsenow, "A Method of Correlating Heat Transfer Data for Surface Boiling of 
Liquids," Trans. ASME, vol. 54, p. 969, 1952. 
[11] Stark, John & Sharifi, Nourouddin & L. Bergman, Theodore & Faghri, Amir, “An 
experimentally verified numerical model of finned heat pipes in crossflow,” International 
Journal of Heat and Mass Transfer, vol. 97, p. 45-55, 2016. 
 
59 
[12] Patrik Nemec, Alexander Čaja, Milan Malcho, “Mathematical model for heat transfer 
limitations of heat pipe,” Mathematical and Computer Modelling, Volume 57, Issues 1–
vol. 2, p. 126-136, ISSN 0895-7177, 2013.  
[13] Kelvion (2019). Compact Fin and Tube Coils. [image] Retrieved from: 
https://www.kelvion.com/products/product/coils/ [Accessed 19 Feb. 2019]. 
[14] Kerrigan K, Jouhara H, O'Donnell GE, Robinson AJ, “Heat pipe-based radiator for low 
grade geothermal energy conversion in domestic space heating,” Simulation Modelling 
Practice and Theory, vol. 19, p. 1154-1163, 2011. 
[15] Jouhara H, Meskimmon R. “Experimental investigation of wraparound loop heat pipe 
heat exchanger used in energy efficient air handling units.” Energy, vol. 35, p. 4592- 
4599, 2010. 
[16] Mathioulakis E, Belessiotis V, “A new heat-pipe type solar domestic hot water system,” 
Solar Energy, vol. 72, p. 13-20, 2002.  
[17] Weng Y-, Cho H-, Chang C-, Chen S-, “Heat pipe with PCM for electronic cooling” 
Applied Energy, vol. 88, p. 1825-1833, 2011.  
[18] Jouhara H, “Economic assessment of the benefits of wraparound heat pipes in ventilation 
processes for hot and humid climates,” International Journal of Low- Carbon 
Technologies, vol. 4, p. 52-60, 2009.  
[19] Parand R, Rashidian B, Ataei A, Shakiby K, “Modeling the transient response of the 
thermosyphon heat pipes,” Journal of Applied Sciences, vol. 9, p. 1531-1537, 2009.  
[20] Ochsner K, “Carbon dioxide heat pipe in conjunction with a ground source heat pump 
(GSHP),” Applied Thermal Engineering, vol. 28, p. 2077-2082, p. 161, 2008.  
[21] Du J, Bansal P, Huang B, “Simulation model of a greenhouse with a heat-pipe heating 
system,” Applied Energy, vol. 93, p. 268-276, 2012. 
[22] D. d. O. Silva & R. R. Riehl, "Thermal behavior of water-copper and water-stainless steel 
heat pipes operating in cycles," 2016 15th IEEE Intersociety Conference on Thermal and 
Thermomechanical Phenomena in Electronic Systems (ITherm), Las Vegas, NV, pp. 6-
11, 2016. 
[23] Tao Ding, Zhi He, Tian Hao, Zhen Li, “Application of separated heat pipe system in data 
center cooling,” Applied Thermal Engineering, vol. 109, Part A, p. 207-216, ISSN 1359-
4311, 2016. 
[24] H. Shabgard, A. Faghri, T.L. Bergman, C.E. Andraka, “Numerical simulation of heat 
pipe-assisted latent heat thermal energy storage unit for dish-stirling systems,” J. Solar 
Eng., vol. 136, no. 2, 2014.  
 
60 
[25] Rathod, M and Kate A., “Experimental Investigation of Air-to-Air Counter Flow Heat 
Pipe Heat Exchanger for Heat Recovery System,” IARJSET, vol. 4, p.54-57, 2017.  
[26] Lianying Zhanga,b, Yuanyuan Liua , Xing Liua , Xiangzhao Menga , Xuan Guoa , and 
Linhua Zhang, “Experimental Investigation of Gravity Heat Pipe Exchanger Applied in 
Communication Base,” Procedia Engineering, vol. 121, p.1326 – 1333, 2015. 
[27] Jouhara H. and Merchant H., “Experimental investigation of a thermosyphon based heat 
exchanger used in energy efficient air handling units,” Energy, vol. 39, Mar. 2012. 
[28] M. H. M. Grooten, “Towards an optimal design of heat pipe equipped heat exchangers,” 
Eindhoven University of Technology, Report no. WPC2007.01, January 2007, 
http://www.mate.tue.nl/mate/pdfs/7770.pdf. 
[29] H. Jouhara, A. Chauhan, T. Nannou, S. Almahmoud, B. Delpech, L.C. Wrobel, “Heat 
pipe based systems - Advances and applications,” Energy, vol. 128, p. 729-754, ISSN 
0360-5442, 2017. 
[30] Ma, Hobin, “Oscillating Heat Pipes", Springer New York, pp. 323–326, 2015. 
[31] Wits, Wessel & Van Es, Johannes & Jan te Riele, Gert, “Automated charging of 
embedded heat pipe systems,” Heat Pipe Science and Technology, An International 
Journal, vol. 3, p. 233-245, 2017.  
[32] K Mozumder, A & Akon, Abul Fahad & Chowdhury, Sajjad & Banik, Sajal, 
“Performance of Heat Pipe for Different Working Fluids and Fill Ratios,” Journal of 
Mechanical Engineering, vol. 41, 2012. 
[33] E. Azad and F. Geoola, “A design procedure for gravity-assisted heat pipe heat 
exchanger,” Heat Recovery Systems, vol. 4, no. 2, p. 101–111, Jan. 1984. 
[34] Hamidreza Shabgard, Michael J. Allen, Nourouddin Sharifi, Steven P. Benn, Amir 
Faghri, Theodore L. Bergman, “Heat pipe heat exchangers and heat sinks: Opportunities, 
challenges, applications, analysis, and state of the art”, International Journal of Heat and 
Mass Transfer, vol. 89, p. 138-158, ISSN 0017-9310, 2015. 
[35] Sverdlik, Yevgeniy. “Here's How Much Energy All US Data Centers Consume.” Data 
Center Knowledge, Informa, 27 June 2016, www.datacenterknowledge.com/archives/ 
2016/06/27/heres-how-much-energy-all-us-data-centers-consume. 
[36] Appliance design (2015). Trends in the Design and Manufacture of Round-Tube Plate-
Fin Coils from Smaller Diameter Copper Tubes. [image] Retrieved from: 
https://www.appliancedesign.com/articles/94794-trends-in-the-design-and-manufacture-




[37] S. H. Noie, “Investigation of thermal performance of an air-to-air thermosyphon heat 
exchanger using ε-NTU method,” Applied Thermal Engineering, vol. 26, no. 5–6, p. 
559–567, Apr. 2006. 
[38] Hassan, H., and Accensi, A., "Spacecraft Application of Low Temperature Heat Pipes," 
1
st
 International Heat Pipe Conference, Stuttgart, Federal Republic of Germany, no.9-1, 
1973. 
 
